To reduce the potential of vascular injury without compromising the stone comminution capability of a Dornier HM-3 lithotripter, we have devised a method to suppress intraluminal bubble expansion via in situ pulse superposition. A thin shell ellipsoidal reflector insert was designed and fabricated to fit snugly into the original reflector of an HM-3 lithotripter. The inner surface of the reflector insert shares the same first focus with the original HM-3 reflector, but has its second focus located 5 mm proximal to the generator than that of the HM-3 reflector. With this modification, the original lithotripter shock wave is partitioned into a leading lithotripter pulse ͑peak positive pressure of 46 MPa and positive pulse duration of 1 s at 24 kV͒ and an ensuing second compressive wave of 10 MPa peak pressure and 2 s pulse duration, separated from each other by about 4 s. Superposition of the two waves leads to a selective truncation of the trailing tensile component of the lithotripter shock wave, and consequently, a reduction in the maximum bubble expansion up to 41% compared to that produced by the original reflector. The pulse amplitude and Ϫ6 dB beam width of the leading lithotripter shock wave from the upgraded reflector at 24 kV are comparable to that produced by the original HM-3 reflector at 20 kV. At the lithotripter focus, while only about 30 shocks are needed to cause a rupture of a blood vessel phantom made of cellulose hollow fiber ͑i.d.ϭ0.2 mm͒ using the original HM-3 reflector at 20 kV, no rupture could be produced after 200 shocks using the upgraded reflector at 24 kV. On the other hand, after 100 shocks the upgraded reflector at 24 kV can achieve a stone comminution efficiency of 22%, which is better than the 18% efficiency produced by the original reflector at 20 kV (pϭ0.043). All together, it has been shown in vitro that the upgraded reflector can produce satisfactory stone comminution while significantly reducing the potential for vessel rupture in shock wave lithotripsy.
To reduce the potential of vascular injury without compromising the stone comminution capability of a Dornier HM-3 lithotripter, we have devised a method to suppress intraluminal bubble expansion via in situ pulse superposition. A thin shell ellipsoidal reflector insert was designed and fabricated to fit snugly into the original reflector of an HM-3 lithotripter. The inner surface of the reflector insert shares the same first focus with the original HM-3 reflector, but has its second focus located 5 mm proximal to the generator than that of the HM-3 reflector. With this modification, the original lithotripter shock wave is partitioned into a leading lithotripter pulse ͑peak positive pressure of 46 MPa and positive pulse duration of 1 s at 24 kV͒ and an ensuing second compressive wave of 10 MPa peak pressure and 2 s pulse duration, separated from each other by about 4 s. Superposition of the two waves leads to a selective truncation of the trailing tensile component of the lithotripter shock wave, and consequently, a reduction in the maximum bubble expansion up to 41% compared to that produced by the original reflector. The pulse amplitude and Ϫ6 dB beam width of the leading lithotripter shock wave from the upgraded reflector at 24 kV are comparable to that produced by the original HM-3 reflector at 20 kV. At the lithotripter focus, while only about 30 shocks are needed to cause a rupture of a blood vessel phantom made of cellulose hollow fiber ͑i.d.ϭ0.2 mm͒ using the original HM-3 reflector at 20 kV, no rupture could be produced after 200 shocks using the upgraded reflector at 24 kV. On the other hand, after 100 shocks the upgraded reflector at 24 kV can achieve a stone comminution efficiency of 22%, which is better than the 18% efficiency produced by the original reflector at 20 kV (pϭ0.043). All together, it has been shown in vitro that the upgraded reflector can produce satisfactory stone comminution while significantly reducing the potential for vessel rupture in shock wave lithotripsy. 
I. INTRODUCTION
In the past two decades, shock wave lithotripsy ͑SWL͒ has been used routinely as an effective and safe treatment modality for the majority of stone patients. 1, 2 However, clinical and animal studies have also demonstrated that SWL is accompanied by some forms of renal injury, such as hematuria, formation of diffuse hemorrhage and multiple hematomas within the renal parenchyma, perirenal fat, and subcapsular connective tissue, as well as kidney edema. 3, 4 The injury is primarily vascular lesions, with extensive damage to the endothelial cells and rupture of capillaries and small blood vessels. 3, 4 In young adult patients, the vascular injury associated with SWL only affects about 2% of their functional renal mass. 5 Therefore, most of these patients recover following the treatment without significant clinical consequences. There are, however, subgroups of patients who are at much higher risk for chronic injury following SWL. These include patients with solitary kidneys, pre-existing hypertension and, in particular, pediatric and elderly patients. 4 For these high-risk patients, the long-term adverse effect of SWL-induced tissue injury is a serious clinical concern and a topic of continued investigation. 6 It is therefore highly desirable to improve lithotripsy technology to minimize tissue injury in SWL.
To reduce the adverse effects of SWL, it is important to understand the mechanisms whereby the vascular injuries are produced. Most previous studies suggest that cavitation, the formation and subsequent expansion and collapse of gas/ vapor bubbles in the acoustic field of a lithotripter, may play an important role in the vascular injury in SWL. In particular, shock wave-bubble interaction with resultant microjet formation has been implicated as a mechanism by which the perforation of a vessel wall, preferably in medium-to-large size blood vessels, could be produced. 3, 7 However, asymmetric collapse of a bubble with resultant high-speed microjet formation may not be produced if the bubble size is small ͑for example, less than 0.5 mm in diameter in the acoustic field of a XL-1 lithotripter͒ due to reduced cross-section area for shock wave-bubble interaction. 7 Thus, for the majority of vascular injury in SWL, which is often observed in capillaries and small blood vessels, a different mechanism must be responsible. Based on results from animal studies and theoretical calculations of SWL-induced bubble dynamics in blood, we and others have proposed that the expansion of intraluminal bubbles in small blood vessels would be signifi-cantly constrained, and their subsequent collapse could be severely weakened. [8] [9] [10] [11] Conversely, the large, rapid expansion of an intraluminal bubble could significantly dilate a vessel wall, which may lead to rupture if the resultant circumferential stress exceeds the tensile failure strength of the vessel. 9, 10 This hypothesis was recently confirmed using vessel phantoms made of cellulose hollow fibers. 10, 12 More importantly, it has been shown by both in vitro phantom 12, 13 and in vivo animal studies 14 that if the large expansion of cavitation bubbles is suppressed by the inversion of a lithotripter waveform, the propensity for vascular injury can be greatly reduced. These observations provide an important clue for the reduction of vascular injury in SWL.
It should be noted that shear stresses generated by the scattering of a lithotripter shock wave ͑LSW͒ propagating in an inhomogeneous medium has also been postulated as a possible mechanism for vascular injury. 15 Others have suggested that shear stresses associated with the microstreaming produced by oscillating bubbles may cause cell lysis. 3, 16 Although in vitro experiments have demonstrated that shear stress produced by shock front distortion in an inhomogeneous medium can cause damage to nitrocellulose membranes, 15 it is still unknown whether such a mechanism could lead to rupture of blood vessels in vivo. Further, the shear stress theory has difficulty explaining why minimal damage is produced in swine kidneys exposed to a clinical dose of inverted LSWs. 14 Bubble dynamics in SWL is strongly influenced by the pressure waveform and pulse sequence. [17] [18] [19] Hence, it is possible that optimization of the waveform and sequence of LSWs may produce more desirable cavitation activity for better stone comminution and reduced tissue injury. In fact, recent studies have shown that stone comminution in vitro can be significantly improved by the forced ͑instead of inertial͒ collapse of cavitation bubbles near a target concretion. 10, 20, 21 Moreover, animal studies have demonstrated that suppression of bubble expansion by inversion of the LSW could substantially reduce vascular injury in vivo. 13, 14 Unfortunately, the inversion of LSWs also diminishes stone comminution; 13, 14 and thus, it cannot be used for lithotripsy. Overall, it is clear that further optimization of the pressure waveform, distribution, and sequence of the LSWs is needed in order to maximize stone comminution while minimizing tissue injury in SWL.
In this work, we developed a method to modify the pressure waveform of the LSW to suppress the large intraluminal bubble expansion in SWL without compromising stone comminution capability of a Dornier HM-3 lithotripter. This strategy is based on the idea that a weak compressive wave superimposing or immediately following the tensile component of a LSW can suppress the expansion of cavitation bubbles induced in a lithotripter field. While others have explored different approaches to modify the ellipsoidal reflector of a lithotripter, their aims were either to produce stronger shear stress in the target stone 22 or to concentrate cavitation near the lithotripter focus point. 19, 23 In the following, we first describe the design concept and its theoretical confirmation. We then detail the experimental approach to alter the HM-3 reflector and the physical characterization to assess the influence of this modification on the lithotripter field, bubble expansion, stone comminution, and vessel rupture. It was found that the upgraded reflector could produce satisfactory stone comminution with greatly reduced potential for vascular injury.
II. DESIGN CONCEPT AND EXPERIMENTAL METHODS

A. Design concept and theoretical assessments
The expansion of cavitation bubbles in SWL is determined primarily by the tensile component of a LSW. 17, 18 To suppress cavitation without compromising stone comminution capability of a lithotripter, it is possible conceptually to use a compressive wave either to cancel partially the tensile component of a LSW or to disturb sufficiently the radial expansion of the bubble. The feasibility of this in situ pulse superposition approach was assessed theoretically by assuming that a half-sinusoidal compressive wave of 1.5 s pulse duration and 10-20 MPa peak pressure can be superimposed, at various interpulse delays (⌬t), with a typical LSW produced by an HM-3 lithotripter ͑Fig. 1͒. The corresponding bubble dynamics in water were calculated using the Gilmore model implemented in a numerical code developed previously. 24 Gas diffusion was not considered since we are mainly interested in the expansion phase of the bubble dynamics. 12 For the original HM-3 pulse, the maximum bubble radius was predicted to be 1.1 mm. In comparison, superposition of the compressive wave with the HM-3 pulse was found to significantly reduce the maximum bubble expansion. With proper interpulse delay (⌬tϭ3.0-6.5 s), the maximum bubble radius was predicted to be in the range of 0.3-0.7 mm for a compressive wave with a peak pressure of 10-20 MPa, corresponding to a 36%-74% reduction in maximum bubble expansion.
As we have shown recently via high-speed photography, the initial expansion of a bubble induced in a small blood vessel phantom during SWL could be quickly stopped by the constraint of the vessel wall once bubble-vessel contact was established. 12 Presumably, the kinetic energy associated with the expanding bubble at the moment of the contact would be largely converted into the mechanical energy consumed by the circumferential dilation of the vessel wall, which eventually led to rupture. If the bubble were produced in a free field without constraint, the kinetic energy would be converted into the potential energy of the bubble at its maximum expansion. 12 Therefore, on a first order approximation, the energy absorbed by the vessel wall can be estimated by the difference in potential energy E p between the bubble at the size of the vessel lumen and the bubble at its maximum expansion in a free field:
where R is bubble radius, R max is the bubble radius at maximum expansion, R is the radius of the vessel lumen, and P 0 is the ambient pressure of the surrounding liquid. For small blood vessels (R Ͻ0.1 mm, and thus R /R max Ͻ0.01 in a typical lithotripter field͒, E p is proportional to R max 3 . There-fore, a small reduction in R max ͑for example, 30%͒ could lead to a profound decrease in E p ͑ϳ66%͒ and, consequently, the propensity for vessel rupture. This is the physical basis for utilizing an in situ pulse superposition technique to reduce the potential of vascular injury in SWL.
B. Modification of the HM-3 reflector
To produce in situ pulse superposition, we devised a general strategy for the modification of electrohydraulic shock wave lithotripters. A thin shell ellipsoidal reflector insert ͑see Table I for its geometric parameters͒ was designed and fabricated to fit snugly into the original reflector of an HM-3 lithotripter ͑Fig. 2͒. The inner surface of the reflector insert was designed to share the same first focus (F 1 ЈϭF 1 ), but with its second focus (F 2 Ј) located 5 mm proximal to the generator than that (F 2 ) of the original HM-3 reflector. Because the insert reflector covers a large portion of the original HM-3 reflector, it becomes the primary reflecting surface to form a leading LSW after each spark discharge at F 1 . Wave reflection from the remaining uncovered bottom surface of the HM-3 reflector, on the other hand, produces a second shock wave. Due to the geometric differences between the insert and the HM-3 reflectors, this second shock wave is delayed from the leading LSW. The interpulse delay can be controlled by appropriate selection of the geometry of the ellipsoidal reflector insert. Considering that the distance between the geometric foci of the HM-3 and insert reflectors is F 2 ϪF 2 Јϭ2cϪ2cЈϭ2⌬c, the interpulse delay ⌬t can be approximated by
where a, b, c are the semimajor axis, semiminor axis, and half-focal length of the original HM-3 ellipsoidal reflector ͑with a 2 ϭb 2 ϩc 2 ), and aЈ, bЈ, cЈ are the corresponding values for the reflector insert, respectively, and C 0 is the sound speed in water. From Eq. ͑2͒ and Table I , the interpulse delay produced by the reflector insert is estimated to be about 4 s.
The reflector insert was fabricated in eight segments, with each segment being able to be attached to the original HM-3 reflector via an adapter ring using position pins, screws, and supporting rods ͑Fig. 3͒. There are six small ͑40°͒ and two large ͑60°͒ segments, allowing some adjustments of the pressure amplitude and intensity of the two waves by altering the number of the reflector inserts used. Because the bottom surface of the original HM-3 reflector is used for the generation of the second shock wave, the effective reflecting surface for the leading LSW is significantly reduced. To compensate partially for this loss, the upper rim FIG. 1. The effect of in situ pulse superposition on the maximum bubble expansion in an HM-3 lithotripter field. The contour plot depicts the maximum bubble radius in mm calculated using the Gilmore model as a function of the peak pressure of the second wave ( P 2 ϩ ) and the interpulse delay (⌬t).
The pulse duration of the second wave (t 2 ϩ ) is 1.5 s. LSW: lithotripter shock wave, SW: shock wave. of the reflector insert was extended 10 mm above the aperture of the original HM-3 reflector. In this design, the effective solid angles of the upgraded reflector for the leading LSW and the second wave are 65°and 21.6°, respectively, compared to 61°for the original HM-3 reflector. In addition, by placing the geometric focus of the reflector insert 5-mm proximal to the generator than F 2 , a higher peak positive pressure could actually be produced at F 2 . This is because the maximum peak positive pressure in a lithotripter field is not produced exactly at the geometric focus of the reflector, but rather shifted about 5-10 mm away from the generator because of nonlinear propagation of the LSW. [25] [26] [27] C. Physical characterization
Pressure waveform measurements
The pressure waveforms produced by the original and upgraded HM-3 lithotripter were measured using a hydrophone system with disposable PVDF membranes and a nominal bandwidth of 50 MHz ͑Sonic Industries, Hatboro, PA͒. To protect it from cavitation damage, the PVDF membrane was encapsulated in castor oil and recalibrated. 28 The hydrophone was attached to a three-axis translation stage, tilted at 14°angle from the horizontal plane to align normal to the shock wave axis of the HM-3 generator. Before the experiment, the sensing element of the hydrophone was aligned with F 2 under the guidance of the biplanar fluoroscopic imaging system of the HM-3 lithotripter. The alignment was accomplished by placing a pair of thin wires crossing each other right underneath the sensing element of the hydrophone. After the alignment, the thin wires were carefully removed before shock wave exposure. The hydrophone was scanned in 2.5-mm steps both along and transverse to the shock wave axis at F 2 to map the acoustic field of the lithotripter. Four measurements were made at each location, with the pressure wave forms registered on a digital oscilloscope ͑LeCroy 9314M, Chestnut Ridge, NY͒ operated at 100 MHz sampling rate.
Passive cavitation detection
To assess qualitatively the maximum bubble expansion in the acoustic field of the HM-3 lithotripter, a 1 MHz focused transducer ͑V392-SU, Panametrics, Waltham, MA͒ with a focal length of 101.6 mm and a Ϫ6 dB beam diameter of ϳ4 mm was used to measure the acoustic emission ͑AE͒ associated with bubble oscillations in water. 8 The focused transducer, attached to a three-axis translation stage, was first aligned perpendicularly to the lithotripter axis and confocally with F 2 . It was then scanned along the lithotripter axis in 5-mm steps both prefocally and postfocally. Ten samples of AE signals were recorded at each position.
D. Performance evaluation
Tissue mimicking phantom
To mimic the tissue environment in vivo, an acrylic testing chamber ͑25.4ϫ25.4ϫ15.2-21.6 cm, LϫWϫH͒ with a 115-m thick polyester membrane at the bottom was placed above the HM-3 generator ͑see Fig. 4͒ . The lithotripter focus, located on the central axis of the chamber, is about 50 mm from the bottom surface. A slab of tissue mimicking phantom ͑25.4ϫ2.54 cm, DiameterϫThickness͒, prepared following the method described by Madsen and associates, 29 was placed at the bottom of the chamber, which was filled with castor oil. The sound speed and attenuation coefficient of the tissue phantom was determined by a through transmission technique to be 1550 m/s and 0.8 dB/cm/MHz, respectively, in the frequency range of 1.0-3.5 MHz. Pressure measurements using a PVDF membrane hydrophone revealed that the tissue phantom reduces the peak positive and peak negative pressure of the LSW by 23% and 7%, respectively, while almost doubling the rise time of the shock front ͑16.8 ns in water vs 29.4 ns with tissue mimicking phantom͒. 21 These results are similar to the variations in pressure waveforms measured in vitro versus in vivo in a swine kidney. 
Stone comminution
To mimic stone comminution in the renal pelvis, a special holder was fabricated using a rubber finger cot ͑30ϫ20 mm, LϫD͒ and a plastic cylinder ͑70ϫ25 mm, LϫD͒ ͑see Fig. 4͒ . Spherical stone phantoms (Dϭ10 mm) were made of plaster-of-Paris with a powder to water mixing ratio of 1.5 to 1.0 by weight, which has an acoustic impedance within the range reported for renal calculi. 31 The weight of each phantom ͑in dry state͒ was measured. Before placing it into the holder, each stone phantom was immersed in degassed water for at least 10 minutes until no visible bubbles could be observed to come out from the phantom. A cylinder of tissue-mimicking material was also placed inside the holder above the stone phantom. Furthermore, the holder was connected to the hydraulic gantry of the HM-3 lithotripter so that the stone phantom could be positioned at F 2 under biplanar fluoroscopic imaging guidance. A total of 100 shocks were delivered to the stone phantom, using either the original or upgraded reflector at a pulse repetition rate of 1 Hz. After the shock wave exposure, all the fragments were carefully removed from the holder, spread out into a layer on paper, and let dry at room temperature for 24 hours. The dry fragments were then filtered through an ASTM standard sieve ͑W.S. Tyler No. 10͒ with 2-mm grid. The comminution efficiency was determined by the percentage of fragments less than 2 mm, which can be discharged spontaneously after clinical shock wave treatment. 32 Six samples were used under each test configuration.
Rupture of vessel phantoms
The propensity of vascular injury produced by the original and upgraded HM-3 lithotripter was evaluated using a vessel phantom made using a single cellulose hollow fiber of 0.2-mm inner diameter and a wall thickness of 8 m ͑Spec-trum, Gardena, CA͒. 12 Degassed water (O 2 concentration: Ͻ4 mg/L͒, seeded with 0.1% contrast agent Optison ͑Mallinckrodt Inc., St. Louis, MO͒ by volume serving as cavitation nuclei, was circulated by a peristaltic pump ͑Model 7619-50, Cole-Parmer, Vernon Hills, IL͒ at a flow rate of 217 mm/second in the hollow fiber. The use of contrast agents in the test fluid is to ensure that cavitation inside the vessel phantom can be produced consistently to facilitate the comparison of vessel rupture potential produced by the original and upgraded HM-3 lithotripter. The vessel phantom was immersed in a testing chamber filled with highly viscous castor oil to suppress cavitation activity outside the vessel phantom. In addition, a low pulse repetition rate ͑Ͻ0.1 Hz͒ of the LSWs was employed so that before each shock wave exposure any visible bubbles outside the vessel phantom could be removed. This approach was used to minimize the shear stress generated either by the scattering of LSW from bubbles trapped in castor oil or by simultaneous bubble expansion both inside and outside the hollow fiber. 10 Rupture of the vessel phantom could be easily identified since the circulating fluid ͑i.e., degassed water seeded with ultrasound contrast agents͒ would leak out, forming a liquid droplet in castor oil at the rupture site. At this point, the experiment was stopped and the number of shocks delivered was recorded. Before the next test ͑using a new vessel phantom͒, the castor oil containing the liquid droplet was aspirated out using a syringe and equal volume of fresh castor oils were replenished to the test chamber. If no rupture was observed after 200 shocks, the experiment was also terminated. A total of six samples were used under each test configuration, from which the mean value and standard deviation of the number of shocks needed to cause a rupture were determined. Figure 5 shows three representative pressure wave forms of the LSWs produced at F 2 by the original and upgraded reflectors at 24 kV. Using the original HM-3 reflector, a typical LSW was measured at 180.6 s after the spark discharge ͓Fig. 5͑a͔͒, which was registered by a photodetector to provide a reliable time reference (tϭ0 s) of the event. This LSW consists of a leading compressive wave of ϳ1 s pulse duration followed by a tensile component of ϳ4 s, similar to the pressure wave forms measured in previous studies. 33, 34 Due to the higher propagation speed of the LSW, its arrival time at F 2 is about 3 s earlier than that estimated using the acoustic wave speed in water. In comparison, using the fullarray reflector insert a LSW was measured at 176.8 s, in consequence of the shorter major axis of the reflector insert ͓Fig. 5͑b͔͒. In addition, a second pulse, largely compressive, was detected superimposing on the tensile tail of the leading LSW. On average, the peak-to-peak time delay between the leading LSW and the second wave is 3.8 s, close to the estimated interpulse delay based on the geometric differences between the original and upgraded reflectors. Furthermore, it is interesting to note that when two large ͑60°͒ segments located opposite to each other were removed from the reflector insert, the leading LSW became weaker while the second wave grew stronger ͓Fig. 5͑c͔͒. This result demonstrates the feasibility of altering the pressure waveform of the LSW by simply adjusting the geometry of the reflector insert. A comprehensive evaluation of this approach, however, is beyond the scope of this investigation. In the following, only the results from the full-array reflector insert are presented. FIG. 5 . Representative pressure wave forms of the lithotripter shock waves generated by using ͑a͒ the original HM-3 reflector, ͑b͒ the upgraded reflector ͑full-array͒, and ͑c͒ the upgraded reflector ͑without two 60°segments͒, all at an output voltage of 24 kV.
III. RESULTS
A. Physical characterization 1. Pressure wave forms and distribution
The distributions of the peak positive ( P ϩ ) and peak negative ( P Ϫ ) pressure of the LSWs generated by the original and upgraded reflectors, both along and transverse to the shock wave axis at F 2 , are shown in Fig. 6 . To highlight the general beam profile, the original data points from each reflector configuration were fitted with a Gaussian distribution curve using a commercial graphic program ͑SigmaPlot 5.0, SPSS, Chicago, IL͒. It can be seen that the beam profile produced by the upgraded reflector at 24 kV fits in between those produced by the original reflector at 20 and 24 kV. In general, P ϩ from the upgraded reflector at 24 kV was found to be much closer to the value produced by the original reflector at 20 kV than at 24 kV. This is because the effective reflecting surface for the LSW in the upgraded reflector is significantly reduced compared to the original HM-3 reflector; therefore, it has to be compensated by increasing the output voltage of the lithotripter. At F 2 , the mean values and standard deviations of P ϩ for the original reflector at 20 and 24 kV are 44.7Ϯ1.5 and 59.8Ϯ6.3 MPa, respectively, while the corresponding value for the upgraded reflector at 24 kV is 45.6Ϯ5.6 MPa. In comparison, the corresponding values for P Ϫ are similar between the original and upgraded reflectors; they are Ϫ10.4Ϯ0.78 and Ϫ10.5Ϯ0.74 MPa for the original and upgraded reflector at 24 kV, and Ϫ9.1Ϯ0.76 MPa for the original reflector at 20 kV, respectively. From the original data in Fig. 6͑a͒ , it can also be seen that the maximum P ϩ was measured slightly beyond the geometric focus of each reflector (zϭ0 mm for the original and z ϭϪ5 mm for the upgraded͒. Yet, the maximum P Ϫ was found to shift towards the shock wave generator. These characteristic shifts in the maximum of P ϩ and P Ϫ are presumably caused by the nonlinear propagation of the LSW. [25] [26] [27] Based on the distribution of P ϩ , the Ϫ6-dB transverse beam width at F 2 were determined to be 7.2 and 8.3 mm for the original reflector at 20 and 24 kV, respectively, and 7.2 mm for the upgraded reflector at 24 kV. These values are smaller than those reported previously; 33, 34 and the reason for the discrepancy is unknown. Due to the limited data available, the Ϫ6-dB focal zone along the shock wave axis could not be determined. Table II summarizes the pressure amplitudes and temporal parameters of the shock waves produced by the original and upgraded reflectors at F 2 . One notable change in the temporal profile of the LSWs is that the rise time of the shock front produced by the upgraded reflector ͑221 ns͒ is much longer than that ͑27 ns͒ produced by the original reflector. This could be caused in part by a small misalignment between the different segments of the reflector insert; for instance, a misalignment of 0.15 mm would lead to a 100 ns delay in wave front arrival time. This problem, however, can be amended by fabricating the reflector insert as a single unit once the optimal geometry of the reflector is determined. Another notable change from the upgraded reflector is the significant reduction in the pulse duration of the tensile component of the LSW (t Ϫ ). At 24 kV, although P Ϫ is comparable between the original and upgraded reflectors, t Ϫ is reduced by about 48% using the reflector insert. This reduction in t Ϫ should greatly lessen the expansion of cavitation bubbles induced by the LSW. At F 2 , the P ϩ for the second shock wave is estimated to be about 10.4 MPa using a wave FIG. 6 . Distribution of the peak pressure of the lithotripter shock waves ͑a͒ axial distribution and ͑b͒ transverse distribution, generated by using the original reflector at 20 and 24 kV, and the upgraded reflector at 24 kV. TABLE II. Peak pressure and temporal parameters of the shock waves produced by different reflector configurations. Beam width: Ϫ6 dB range of the peak positive pressure transverse to the lithotripter axis. t r : Rise time of the shock front, measured from 10% to 90% of the peak positive pressure. t ϩ : Positive pulse duration, measured by the zero-crossing duration of the first positive cycle of the shock wave. t Ϫ : Negative pulse duration, measured by the zero-crossing duration of the first negative cycle of the shock wave.
Reflector configuration form subtraction method. As shown in Fig. 5 , the pulse duration of the second shock wave is about 2 s at F 2 . Figure 7 shows three typical acoustic emission ͑AE͒ signals associated with cavitation bubbles produced by the original and upgraded reflectors around the beam focus of the HM-3 lithotripter. Two distinct, temporally separated pressure bursts were detected in each AE trace. The first burst corresponds to the initial compression and ensuing expansion of cavitation nuclei by the incident LSW and the second one corresponds to the subsequent inertial collapse of the bubble cluster. 17, 24, 35 Previous studies have shown that the collapse time (t C ), defined by the time delay between the peaks in the first and second pressure bursts, correlates with the maximum expansion of the bubble cluster. 8, 28, 35 Using the 1 MHz focused hydrophone, the variation in t C along the lithotripter axis was determined ͑Fig. 8͒. It was found that for the original HM-3 reflector the maximum t C was produced profocally at zϭϪ10 mm, which is consistent with the position of the maximum P Ϫ for the LSWs ͑Fig. 6͒. In comparison, t C from the upgraded reflector at 24 kV is generally smaller than that from the original reflector both at 20 and 24 kV. The largest differences were observed at z ϭϪ10 mm, with t C being reduced from 334 and 429 s for the original reflector at 20 and 24 kV to 254 s for the upgraded reflector at 24 kV, corresponding to a 24% and 41% reduction, respectively. At F2, although the value of t C was found to be slightly reduced from the original reflector at 20 kV to the upgraded reflector at 24 kV, the difference is not statistically significant (pϭ0.3624).
Acoustic emission
B. Stone comminution
Using the phantom system ͑see Fig. 4͒ designed to mimic stone comminution in the renal pelvis during SWL, the fragmentation efficiencies produced by the original and upgraded reflectors were evaluated. As shown in Fig. 9, 18% and 33% of the stone mass were reduced to fragments less than 2 mm following 100 shocks produced by the original lithotripter at 20 and 24 kV, respectively. Correspondingly, a fragmentation efficiency of 22% was achieved using the upgraded reflector at 24 kV. These results indicate that although stone fragmentation is reduced by about 33% using the upgraded reflector at 24 kV, it is still better than that produced by the original HM-3 reflector at 20 kV. Together with the results in Fig. 6 , it is clear that increasing the output voltage of the lithotripter can compensate the reduction in pressure amplitude and fragmentation power due to the modification of the reflector.
C. Rupture of vessel phantoms
Using the original HM-3 reflector, rupture of the hollow fiber vessel phantoms was produced consistently along the shock wave axis around F 2 both at 20 and 24 kV ͑Fig. 10͒. The propensity for rupture was found to be higher prefocally FIG. 7 . Typical acoustic emission ͑AE͒ signals produced by using the original HM-3 reflector at ͑a͒ 24 kV and ͑b͒ 20 kV, and ͑c͒ the upgraded reflector at 24 kV. The collapse time of the bubble cluster is determined by the time delay between the peak pressure of the first ͑1°͒ and second ͑2°͒ AE bursts.
FIG. 8.
Collapse time of the bubble clusters generated in water along the lithotripter axis by using the original HM-3 reflector at 20 and 24 kV, and the upgraded reflector at 24 kV. A student's t-test was performed to determine statistically significant differences (pϽ0.05) between the results produced by the original HM-3 reflector at 20 kV and that from the upgraded reflector at 24 kV for each axial location. The significant levels ͑p values͒ are shown in the figure.   FIG. 9 . Percentage of stone fragments less than 2 mm in size following 100 shocks produced by using the original HM-3 reflector at 20 and 24 kV, and the upgraded reflector at 24 kV. A student's t-test was performed to determine statistically significant differences (pϽ0.05) between the results produced by the original HM-3 reflector at 20 kV and that from the upgraded reflector at 24 kV. The significant levels ͑p values͒ are shown in the figure. (zϭ0 -Ϫ10 mm) where less than 60 shocks were needed to cause a rupture than postfocally (zϭ5 -10 mm) where 100 to 200 shocks were needed. Overall, the damage potential was found to increase with the output voltage of the lithotripter, especially along the beam axis where zϾ5 mm. These results are expected considering that P Ϫ of the LSW increases with the output voltage of the lithotripter, and its maximum is reached around zϭϪ10 mm. In contrast, using the upgraded reflector, no rupture of the vessel phantom could be observed even after 200 shocks. The only exception was at zϭϪ5 mm where rupture was observed after 131Ϯ41 shocks ͑meanϮs.d.͒, which may correspond to the highest tensile pressure produced by the upgraded reflector ͓see Fig.  6͑a͔͒ . Nevertheless, this average number is still about three times of the number of shocks needed to cause a rupture using the original reflector ͑39Ϯ24 at 20 kV and 35Ϯ16 at 24 kV, respectively͒. All together, these results suggest that compared to the original HM-3 reflector, the upgraded reflector can produce satisfactory stone comminution with greatly reduced potential for vascular injury.
IV. DISCUSSION
To reduce the potential for vascular injury without compromising the stone comminution capability of a Dornier HM-3 lithotripter, we have devised a method to suppress intraluminal bubble expansion via in situ pulse superposition. This is achieved by a simple modification of the original ellipsoidal reflector to partition each shock wave generated by the spark discharge at F 1 into a leading LSW and an ensuing second compressive wave, separated from each other by about 4 s. The superposition of the two waves leads to a selective truncation of the trailing tensile component of the LSW, and consequently, a reduction in bubble expansion. This strategy is based on our recent observation that the rapid, large intraluminal bubble expansion constitutes an important mechanism for the rupture of capillaries and small blood vessels in SWL. 12 In this study, we have shown in vitro that such a strategy can produce satisfactory stone comminution while significantly reducing the potential for vessel rupture. This improvement, if confirmed in vivo, could significantly reduce the adverse effects of lithotripsy, which will be particularly important for pediatric and elderly patients who are at much higher risk for SWL-induced chronic injury. 6 Since the pulse duration of the second compressive wave is about 2 s, it cannot completely neutralize the tensile component of the LSW ͑ϳ4 s͒. Therefore, the interpulse delay between the leading LSW and the second compressive wave could be critical in determining the effectiveness of using an in situ pulse superposition technique to suppress bubble expansion. Furthermore, as shown in Fig. 5 the size and geometry of the reflector insert can significantly influence the pressure amplitude and profile of the LSW, and thus affect the resultant bubble activity. In this work, we chose an interpulse delay of ϳ4 s based on theoretical evaluation of the maximum bubble expansion in response to a modified LSW ͑see Fig. 1͒ for proof of principle. Further optimization in the geometry and size of the reflector insert and in the interpulse delay is needed to improve the effectiveness of this approach ͑especially at zϭϪ5 mm) while maintaining satisfactory stone comminution.
At the lithotripter focus, the measured t C is similar between the values for the original reflector at 20 kV and that for the upgraded reflector at 24 kV ͑Fig. 8͒, but the potential for vessel rupture is quite different ͑Fig. 10͒. Our interpretation of these results is that although t C correlates well with the maximum expansion of the bubble cluster, it does not provide any information about the rate and maximum dilation of the vessel wall by the expanding intraluminal bubbles, which are critical parameters in determining vessel rupture. 12 Moreover, when measured in a free field, the value of t C could be affected by bubble aggregation along the lithotripter axis. 8, 12 To gauge more accurately the potential for vessel rupture in a lithotripter field, techniques that can quantify the rate and maximum dilation of a vessel wall by intraluminal expansion of cavitation bubbles are needed.
It is important to note that although cavitation has long been speculated to play an important role both in stone comminution 36 -38 and in tissue injury, 3, 4 only recent studies have demonstrated that the underlying mechanisms by which cavitation contributes to stone comminution and to tissue injury are different. 12, 39 It is therefore reasonable to suggest that selective manipulation of the bubble dynamics in SWL may enhance treatment efficiency while simultaneously reducing tissue injury. For example, it has been shown that the forced collapse of LSW-induced cavitation bubbles near a stone surface produced by a piezoelectric annular array generator that is retrofitted around a HM-3 reflector can significantly enhance the efficiency of stone comminution in SWL. 20, 21 Combined with the in situ pulse superposition technique developed in this work, it may be possible to selectively intensify cavitation activity near the target stone for improved treatment efficiency while suppressing bubble ex- FIG. 10 . The relationship between the number of shocks to cause a rupture of a cellulose hollow fiber ͑i.d.ϭ0.2 mm͒ and its axial position in the lithotripter field (nϭ6). A student's t-test was performed for each location between the results of 20 kV and 24 kV using the original HM-3 reflector. The significant levels ͑p values͒ are shown in the figure.
